The resolution of the long electrode electrical resistivity tomography method is investigated through the comparison of arrays. The investigations included a synthetic model study and a pilot-scale field experiment, in which data from the 2-pole and 4-pole arrays were used to reconstruct known targets through inverse modelling. The results confirmed that the 2-pole array maps conductive targets with low lateral resolution and no vertical resolution. The 4-pole array performs extremely well or extremely poorly depending on the specific subset of data used in the inversion modelling. The worst performance was observed from using a randomized 4-pole subset. In this case, the reconstructed target was offset from the known location. The best performance came from evaluating the comprehensive data set comprising all possible 4-pole combinations and choosing favourable subsets that minimized outliers in transfer resistance, geometric factor, data error and apparent resistivity. These favourable 4-pole subsets were capable of resolving both conductive and resistive targets with higher fidelity than the 2-pole array. Unfortunately, it may not be possible to acquire the comprehensive 4-pole data set, especially for a large number of electrodes. A viable alternative is to acquire the comprehensive 2-pole data set and calculate any desired 4-pole subset using superposition. In this way, the geophysicist will also have full advantage of signal strength and shorter measurement cycle that accompanies the 2-pole array.
I N T RO D U C T I O N
Over the past several years, considerable effort has been spent validating the long electrode electrical resistivity tomography (LE-ERT) method for imaging subsurface contamination. The validation exercises were conducted through (1) numerical modelling to ensure the forward and inverse algorithms were adequate for reproducing known targets (Rucker et al. 2010; Zhu & Feng 2011) , (2) a pilotscale field test to verify that field data conform to the predicted results of these algorithms (Rucker et al. 2012a ) and (3) large scale field applications for assessing contaminant releases within complex and culturally rich environments (Rucker et al. 2010 (Rucker et al. , 2011 . The results from the studies confirm that by using steel-cased wells as long electrodes, conductive targets can be detected and mapped with reasonable fidelity provided that a sufficient density of wells are available for imaging.
There are several key advantages to using long electrodes. Long electrodes are well grounded to the Earth, extend to the target of interest, are already in existence and can continue to operate in a normal capacity during imaging (e.g. in production, geophysical well logging, etc.). The grounded nature and low contact resistance between the long electrode and Earth allows higher current transmission than standard point electrodes, which also translates to higher signal strength for the receiving electrode pair. In addition, the length of the electrode should allow imaging down to the completed depth of the well as demonstrated by Rücker & Günther (2011) . Deep well applications, such as oil and gas production or geothermal reservoirs where wells can easily extend several thousands of metres, should not be limited by the imaging technique. The experience of the author is limited to the near surface (within 200 m of the surface), but others have shown the viability of working at these depths (e.g. Rocroi & Koulikov 1985; Daily et al. 2004) .
Although much of the past focus has been on ensuring that targets can be reproduced, little effort has been spent increasing the utility and enhancing the resolution of the long electrode method. Rucker et al. (2012b) demonstrated that combining long electrodes with short electrodes on the surface can distinguish between shallow and deep targets, but a large number of electrodes are needed on the surface and around the perimeter of the survey area to be effective. Zhu & Feng (2011) also demonstrated that a large number of short electrodes on the surface, combined with a single long electrode in the centre of the survey area, could be used to determine the proper depth of a pair of relatively shallow targets. Ramirez et al. (2003) showed that by combining vertical long electrodes with horizontal long electrodes, the vertical resolution of target's position and thickness is increased. Hatanaka et al. (2005) increased resolution using inclined wells.
In this work, we propose that a similar level of discrimination, compared to the studies that use mixed electrode types, can be conducted solely with vertically oriented long electrodes. Again, most of the past work has been focused on using the pole-pole (or 2-pole) array, which is known to have the lowest resolving power of all array types (e.g. Batayneh 2001; Seaton & Burbey 2002; Dahlin & Zhou 2004) . For our work in imaging high ionic strength waste plumes beneath nuclear waste storage facilities, we purposely opted for the 2-pole array to ensure the highest signal strength for the very conductive environment. Of note, additional testing was conducted in the pilot-scale study of Rucker et al. (2012a) with randomized 3-pole and 4-pole LE-ERT pairs of measurements, but these array types were not seen as viable as the target was significantly offset from the known location. Ramirez et al. (2003) also stated that a randomized 4-pole LE-ERT produced anomalies that least resembled a modelled target.
To demonstrate the increased resolution for vertically oriented long electrodes, we reopen the 4-pole LE-ERT pilot-scale analysis from Rucker et al. (2012a) and show that (1) acquiring 2-pole long electrode data is the preferred approach; (2) a complete 2-pole data set can be used to reconstruct any subset of 4-pole long electrode data; and (3) inversion of 4-pole long electrode data is the preferred approach. Through this demonstration we combine the best of both array types to image targets with much greater fidelity than with any one array type alone. Secondarily, we show that a non-optimal set of 4-pole data acquired through poor survey design can have disastrous consequences. These consequences can be mitigated, however, when the complete set of 2-pole data are measured and a reasonable subset of reconstructed 4-pole data are inverted.
S Y N T H E T I C M O D E L L I N G E X A M P L E
Synthetic resistivity models provide a means to understand the resolvability of targets and sensitivity of array configurations within ideal scenarios (e.g. Kemna et al. 2002; Gharibi & Bentley 2005; Elwaseif & Slater 2012) . Here, we use the synthetic model to test the ability of both 2-pole and 4-pole arrays to reconstruct known target geometries, positioning and depth. In addition, we examine the data structure for both types of arrays to more fully understand how noise may manifest in the resistance measurements and to means to effectively remove those data with excess noise.
2-pole LE-ERT
Consider a homogeneous half-space earth model of 100 m. The block of Earth is 60 m per side, in which 20 long electrodes of 44 m length are placed randomly in the domain (Fig. 1a) . The arrangement of electrodes are identical to that of Rucker et al. (2010 Rucker et al. ( , 2011 . Up to three targets are located along the perimeter with high (1000 m) and low (10 m) values relative to background. A combination of target arrangements include: (1) a single high resistivity target; (2) two conductive targets; and (3) all three targets together. From these target arrangements, a set of 2-pole resistivity surveys are simulated with a 3-D forward model by assigning the long electrodes a very conductive value of 0.006 m and diameter of 0.1 m. The numerical model accommodates the long electrodes by assigning to their positions very conductive cells and transmitting or receiving at the uppermost cell. The high conductivity cells distribute the electrical current along the entire length of the electrode.
From the 20 wells, 190 non-reciprocal 2-pole measurements were acquired. The data distribution was presented as transfer resistance versus geometric factor scaled by 2π (Fig. 2a) . For the 2-pole case, the geometric factor is simply the distance between the transmitter and receiver electrode multiplied by 2π and Fig. 2(a) shows the abscissa as the distance between pairs. The resistance data show a near linear trend in log-transformed space with little scatter. The data from each target example were then inverse modelled according to the procedures described in Rucker et al. (2010) , using the same long electrode properties as that of the forward model. The inverse modelling converged in five iterations for all target examples, with a root mean square error (RMSE) of 0.48, 2.27 and 1.66 per cent. The RMSE describes the goodness of fit between modelled and measured apparent resistivity values.
The results of the inverse modelling for the single resistive target, two conductive targets and all targets combined (Figs 1b-d) . As demonstrated previously (Rucker et al. 2010) , the targets tend to form conical resistivity features with the largest footprint at the surface. Specifically for the three target example, only the conductive targets have been reconstructed through inverse modelling. The reconstructed conductive targets do align with the known starting conditions, but are highly smeared in the vertical dimension. Although resistive values exist in the model domain, they tend to form in the regions of lowest sensitivity, in the corners and along the edge of the domain. The example with a single resistive target (Fig. 1b) did reproduce the known conditions with reasonable fidelity, but with a very low resistivity value that was nearer background conditions. The reconstructed target size as well as the lowered resistivity, relative to the known conditions, speaks to the equivalence problem inherent in resistivity imaging. It is likely that relaxing the smoothing constraints used to dampen the model values, as discussed in Hauck et al. (2003) , would produce a sharper reconstructed target that more resembles the known conditions. However, the outcome would also have shown that the resistivity distribution would be more prone to noise (ibid.). The results highlight that the method (1) can detect multiple conductive targets, (2) may detect resistive targets depending on the resistivity distribution of the subsurface and (3) the LE-ERT method can be used as a qualitative indicator of subsurface features.
4-pole LE-ERT
A 4-pole transfer resistance reconstruction from measured 2-pole resistance data is easily achieved through:
where subscripts A and B refer to the transmission electrode pair and M, N refer to the receiving electrode pair needed for the completion of the resistance (U) measurement. Eq. (1) shows that four 2-pole measurements are needed for a single 4-pole measurement using the principle of superposition. Others have used the same principle to convert a base set of 3-pole data to a comprehensive 3-pole set (Blome et al. 2011) , convert 3-pole data to 4-pole data (Candansayar & Başokur 2001; Bellmunt & Marcuello 2011) or convert a particular array of 4-pole data to any other 4-pole array (Sri Niwas & Israil 1989) . For the 20-electrode case, we can expect 14 535 non-reciprocal 4-pole calculations (N), per combinatorial rule: (Rucker et al. 2011) which expands to (Xu & Noel 1993; Loke et al. 2010) where n is the number of electrodes. The combinatorial by itself does not account for specific ordering of the electrodes, so a multiplication of three in eq. (2) is necessary to ensure the unique ordering of electrode pairs. Continuing with the three target example, the results of the 4-pole conversion for all possible combinations from 20 electrodes showed a wide range of values for both transfer resistance and scaled (by 2π ) geometric factor (Fig. 2b) . For the 4-pole array, the geometric factor (GF) is based on distances between the four electrode combinations:
Although no noise was added to the 2-pole synthetic resistance data, about 800 of the 4-pole calculations resulted in negative resistance values despite having positive geometric factors. The negative resistance data could have been because of slight numerical noise in the forward model or, as Wilkinson et al. (2008) explains, from sharp resistivity contrasts near the electrode. Kim et al. (2006) also notes that strong anisotropy in subsurface resistivity could give rise to negative resistance values. We opted to remove the negative data based on uncertainties of their origin and to keep the inversion as stable as possible. The remaining positive data show a wide scatter of data with increasing geometric factor. When converted to apparent resistivity, the spread of positive values is observed to be from 0.04 to 42 000 m.
Inversion of the comprehensive set of 4-pole resistance data was unsuccessful, likely because of the large spread of geometric factor and transfer resistance values. It is reasonable then to select subsets of data that reduces the range of these values to help dampen the model. There are many ways to create subsets, for example choosing those measurements with the highest signal strength (lowest geometric factor), a pre-selected range of apparent resistivity values, minimum resistance, minimum error, randomized, etc. Subsets based strictly on random arrangements or on geometric factor can be created before data measurement and placed into the instrument control software for acquisition. Subsets based on any criterion that uses the transfer resistance or data error, however, would have to be evaluated after the acquisition is complete.
As an example, two subsets of data were extracted from the comprehensive 4-pole data set for the three target example. The first was developed by limiting the geometric factor to less than 40 m, leaving 6820 values after removing very low transfer resistance values (less than 0.001 ). The second subset was created by limiting apparent resistivity to values between 4 and 300 m and transfer resistance values greater than 0.001 , leaving 13 414 values. To make the two subsets comparable in the number of data records, the second subset was reduced in half by taking every other record from the database (Figs 2c and d) .
Inversion results (Figs 3a and b) for the two 4-pole subsets converged to a RMSE of less than 1 per cent within five iterations. In addition, both models performed better than the 2-pole example, with high and low resistivity features placed near the correct known target. There are slight differences in the image quality of each inversion, however, with the subset constructed of low geometric factor being slightly noisier, with a lower range of high and low values representing the target, and no depth discrimination of deeper targets. The inversion results from the subset of data constructed from a limited range of apparent resistivity values shows that the deeper conductive target can be imaged with higher fidelity. We make this assessment from the depth of the maximum footprint of the target being at 13 m compared to the surface for the other subset.
The inverse modelling results for the single resistive target and the two conductive targets are similar to the 2-pole results when considering reconstructed target position, shape, and size (Figs 3c  and d) . The major differences, however, can be found in the target intensity. We define target intensity as the difference in the resistivity value of the target relative to background. The 4-pole examples all have a higher intensity and therefore better chance at finding targets compared to the 2-pole array.
Because the resistivity of the subsurface and measured resistance values are not known before hand, limiting the acquisition to a reasonable subset of 4-pole data based on sound data reduction procedures (equivalent to the second subset created above) is impossible. On the other hand, using subsets based purely on geometry may produce a less than desirable outcome. One solution, then, is to collect the complete 2-pole resistivity set and calculate the desired 4-pole subset. In this way, any number of subsets can be created and tested for consistency and resolvability.
Target depth sensitivity
To investigate the long electrode sensitivity to target depths, another set of simplified synthetic models were generated. The depth of a single conductive target placed in the centre of the domain was progressively increased and the effects on transfer resistance calculated for both 2-pole and 4-pole examples. The long electrodes were placed within a line to generate 4-pole combinations that were reflective of standard arrays, such as dipole-dipole (i.e. external potential dipole arrangement relative to transmitting dipole), Schlumberger (internal dipole arrangement) and an overlapping dipole, as defined by Coles (2008) . The target's resistivity was 1 m in a background of 100 m, 2.5 m thick and 15 m per lateral side, with an initial placement at 10 m below ground surface (Fig. 4a) . The target was dropped in increments of 2.5 m along the length of the 44 m electrode.
The transfer resistance results of eight different electrode arrangements, with two from the 2-pole data set and six from the 4-pole data set (two each from internal, external, and overlapping dipole arrangements), show consistent trends with target depth (Fig.  4b) . The 2-pole combination that straddles the target (electrode pair A-F) shows fairly high sensitivity with target depth, dropping from a high of 0.933 at a target depth of 12.5 m to a low of 0.625 at a depth of 45 m. The other 2-pole combination (C-D) has low sensitivity with little change in resistance over the depth range. Quantitatively, this sensitivity is captured by calculating the per cent change between largest and smallest transfer resistance; the change for A-F is 33 per cent. For all 15 possible 2-pole combinations, the range in the per cent change from high to low transfer resistance is 0.11 to 33 per cent. The external dipole combinations also appear to contain highly sensitive and insensitive pairs as demonstrated in Fig. 4(b) . However, the scale is misleading and the values for the two combinations shown (BC-DE; AB-EF) are actually 66 and 22 per cent, with a full range from 14 possible external dipole combinations from 1.17 to 165 per cent. Similarly, the range for nine internal dipole arrangements is 3.55-161 per cent; the range for overlapping dipoles is 4.52 to 246 per cent. Clearly, the 4-pole combination has the most sensitivity to target depth, with the overlapping dipole arrangement more sensitive than internal or external arrangements. These results suggest that relative to the 2-pole array, the 4-pole array has a better chance at defining the depth of the target. In addition, it is reaffirmed that certain target positions and electrode geometries can produce negative apparent resistivities values.
A R E V I S I T T O T H E P I L O T -S C A L E F I E L D T E S T Experimental design
A pilot-scale field experiment of the LE-ERT method was conducted to (1) validate the methodology and (2) demonstrate the resolution capabilities for targets at the Hanford site in central Washington. The validation was conducted within the top 2 m of soil in an open sandy field. For the experiment, a series of 27 long electrodes were placed around a plastic tub that mimicked a concrete-lined underground storage tank from the Hanford site (Fig. 5a ). The electrodes were constructed from solid core stainless steel rod, 0.019 m diameter and 1.8 m long. The remote electrodes for the 2-pole measurements were placed greater than 90 m from the centre of the domain in orthogonal directions, and greater than 10 times the largest electrode separation. In addition, 80 short electrodes were used in the measurement campaign, with 70 on the surface and 10 buried around the domain. A few of the buried electrodes were nested at a couple of positions. The present analysis limits the discussion to the results from the long electrodes, but the short electrode information is presented in Rucker et al. (2012a) .
A simulated plume was placed below the tank's position by removing the soil, amending it, and repacking into forms. The handpacking option allowed control over the shape, size and properties, providing a fixed and known target to image. The plume's dimensions were 2.43 m × 1.21 m, and 0.3 m in height, was stationed at the edge of the tank, and rotated to the northwest and laying flat. Geochemically, the plume was constructed by mixing a known concentration of sodium thiosulfate pentahydrate with the removed soil. Two concentrations, 20 000 and 40 000 mg/L, were mixed to produce a low resistivity outer plume and a very low resistivity inner plume. The electrical resistivity values of the two solutions were approximately 0.25 and 0.5 m. The final resistivity values of the soil representing the inner and outer plume were roughly 190 and 320 m, compared to an average background resistivity of approximately 1320 m.
Data acquisition
A comprehensive 2-pole and randomized 4-pole data sets were acquired on the long electrodes using the SuperSting R8 resistivity meter (manufactured by AGI in Austin, TX, USA). For the 27 electrodes, the 2-pole data set contained 351 measurements and Fig. 4(b) shows the distribution of measured data. A comprehensive 4-pole data set would theoretically contain 52 650 measurements, but the randomized subset was reduced to 7189 actual measurements. After removing repeat pairs and negative apparent resistivity data, the 4-pole subset contained 5940 measurements (Fig. 5b) . Rucker et al. (2012a) reportedly used 4546 measurements after data reduction for final inversion.
Inverse modelling
Inverse modelling results of the 2-pole pilot-scale field data (Figs 6a and d as resistivity and model resolution, respectively) showed a well-defined target at the location of the plume. The RMSE for this simulation was 2.07 per cent for iteration number five. Formally, the model resolution (R) is a matrix that is computed from the Jacobian and other model constraints and describes how well the inversion model resolves the subsurface (Day- Lewis et al. 2005 ):
R may be viewed as a filter that blurs the true values of the subsurface resistivities (Stummer et al. 2004) :
where r est is the vector of the estimated resistivity and r true is the true subsurface resistivity. The values along the principal diagonal within R will range from zero to one, and a perfectly resolved model is one in which those values are equal to one.
The 2-pole inversion results, shown as a slice through the upper layer of the 3-D model, show the resistivity target at the known location. The lowest resistivity value is at the northern corner of the high concentration inner plume. The model resolution shows that there is a large area of high values at the inner plume extending north south along the east side of the outer plume. The corners of the model have the lowest resolution, which is expected.
The measured 4-pole data were inverse modelled and the resistivity and model resolution results are presented as a slice through the model at the depth of the target (Figs 6b and e) . The RMSE for this simulation was 3.84 per cent at iteration five. For comparison, a reconstructed 4-pole data set was also calculated from the measured 2-pole data set using eq. (1). The tomogram of the reconstructed 4-pole data set (Figs 6c and f) finished with a RMSE of 2.00 per cent for iteration five. As a demonstration of data quality, the measured and reconstructed transfer resistance data show remarkable similarity (Fig. 5c ). The rms difference between the two log-transformed resistance data sets was 0.137 and an absolute mean difference near zero and variance of 0.019. The absolute difference in log-transformed data also exhibited no correlation with resistance. The 4-pole resistance data were then trimmed slightly based on obvious outliers in the apparent resistivity, data error, transfer resistance and geometric factor. The final number of values entered into the inversion model for each subset was therefore reduced from 5940 to 4270. The outcome of both models shows similar plumes (although at slightly different resistivity ranges) and that the low resistivity feature representing the hand dug target is offset from the known location. Rucker et al. (2012a) reasoned that the offset was likely because of either data noise or unfavourable sampling. Data noise can most likely be ruled out as the cause from the fact that the measured and reconstructed 4-pole data and inverse model results match quite well. The unfavourable sampling hypothesis can be bolstered partly by examining the distribution of model resolution. A lowered resolution at the location of the inner plume along with a higher resolution on the periphery (Figs 6e and f) is observed, likely reducing the effectiveness of the inverse model to reconstruct the known conditions. It happened by accident that a poor set of 4-pole measurements were acquired, and we suspect that unfavourable pairs are used more often in practice than expected. The observation by Ramirez et al. (2003) is a testament to problems of randomized pairs of measurements.
As a test for the unfavourable sampling hypothesis, a different data subset could be generated that results in a higher model resolution. To execute this test, two different subsets were created from the comprehensive, reconstructed 4-pole database. The first subset was created under very restrictive conditions in terms of eliminating data with high repeat data error, low transfer resistance, and large geometric factor. The other subset was created under looser standards. The resulting subsets comprised 6640 and 24 289 values for the restrictive and loose rejection criteria, respectively. The inverse modelling results (Fig. 7) , with RMSE of 1.48 and 1.52 per cent in five iterations, show that either subset produced a conductive target at the correct location and that the model resolution was slightly higher at the target than the unfavourable 4-pole subsets. The statistics for model resolution (Table 1) quantitatively compare the resolution values among the different 4-pole models. The image reconstruction in Figs 7(a) and (b) also demonstrates that the number of data records in the subset doesn't matter as long as a reasonable set of data are used, but the model resolution has increased rather dramatically for the larger data set. Finally, the quality of the reconstructed target is definitely higher for the model generated from the favourable 4-pole subset compared to that of the 2-pole data set. The 4-pole target is more representative of actual conditions relative to target size, orientation, and depth.
R E S E RV O I R C O N S I D E R AT I O N S
The scale at which the LE-ERT method can be applied has been demonstrated clearly at the pilot scale (scale = X) and the environmental site characterization scale (scale = 100X). For example, Rucker et al. (2012b) mentioned surveys where the site was on the order of 100 ha and the target was as at least 70 m below ground surface, which is approximately two orders of magnitude larger in scale than presented here. The small to intermediate reservoir scale (1000X) also should easily be accommodated as long as a sufficient density of wells exist to the depth of the target, as shown in Daily et al. (2004) . In addition, the recommendations put forth in this work (use the 2-pole array, or at least don't conduct a completely randomized 4-pole array) can still be applied. The location of remote electrodes start to become cumbersome, however, and some compromises will have to be made as to their distances from the survey with respect to the largest well separation. It is typically recommended that remote electrodes be a distance of at least a factor of 10 of the largest well spacing, which could be several tens of kilometres away. Practically, the distance factor could be reduced to 3X to 5X and their exact locations explicitly stated in any inverse modelling code. Management of wire on the ground as well as the natural telluric currents providing secondary voltages will have to be considered. Based on these logistical challenges, it is unlikely that any resistivity method at the large reservoir scale (10 000X), could be used.
C O N C L U S I O N S
The LE-ERT method has been shown in several past studies to be a valuable tool in imaging subsurface conductive targets, especially in infrastructure heavy conditions that may prohibit other surface geophysical methods from succeeding. In this latest work, we aimed to improve the resolution of LE-ERT by comparing arrays for arbitrarily distributed long electrodes. Namely, we compared the outcome of the 2-pole and 4-pole array on image quality, target depth and range of resistivity values representing either target or background. The comparison was conducted through a synthetic test example and a pilot-scale field experiment.
For the synthetic model example, three targets of different size, depth and resistivity were used to demonstrate key concepts. The transfer resistance data from a 2-pole array were directly modelled from a random distribution of 20 electrodes. The transfer resistance data comprising the 4-pole array were reconstructed from the 2-pole data using superposition. The data sets were then used as input for the inversion algorithm, which showed that both 2-pole and 4-pole arrays could image conductive targets, but only the 4-pole array was capable of distinguishing resistive targets when combined with conductive targets. Furthermore, different subsets of 4-pole data produced slightly different results. For example, the 4-pole Figure 7 . Pilot-scale experimental results for favourably generated 4-pole subsets at 0.8m depth, (a) resistivity for restrictive conditions using 6640 pairs, (b) resistivity for more loosely defined conditions using 24 289 pairs, (c) model resolution for the restrictive conditions, (d) model resolution for loose conditions. subset based purely on electrode pairs that minimized the geometric factor performed marginally compared to a subset that also considered the actual measured data values. The take away message from these experiments were that a favourable subset for target reconstruction cannot be based purely on electrode geometry and that a full range of geometric factors as well as transfer resistance values are needed to assess the subsurface through inverse modelling. Because the transfer resistance data are not known before hand, it may be best to simply collect the comprehensive 2-pole data set and extract any subset of 4-pole deemed acceptable for inversion. In this way, the geophysicist will also have full advantage of signal strength and shorter measurement cycle that accompanies the 2-pole array.
For the pilot-scale field example, 27 long electrodes were placed around a hand-dug conductive target. Both 2-pole and 4-pole data were directly acquired from the wells using a multichannel resistivity meter, with the 2-pole data set comprising a comprehensive series of measurements using all combinations and the 4-pole data comprising a small randomized subset without regard to either subsurface properties or well geometry. The 2-pole results showed good agreement with the known target, but was highly smeared with no vertical resolution. The results from the measured 4-pole data performed poorly, with the target generated from inversion offset from the known location. The offset was likely because of unfavourable sampling. The sampling hypothesis was tested by recalculating different 4-pole subsets from the 2-pole data, which showed that a favourable 4-pole subset could be constructed simply through sensible data rejection practices.
Moving forward with this information, we highly recommend that survey design for 3-D electrical resistivity, using short or long electrodes distributed anywhere on the surface or within boreholes, be carefully evaluated before acquisition. We advocate for the 2-pole array so that any other desired subset for the 3-pole or 4-pole array can be generated. However, if acquisition of the 2-pole array is not feasible, then perhaps using standardized structured arrays common in 2-D acquisition (dipole-dipole, pole-dipole, Schlumberger, etc.) along parallel and orthogonal line set lines, as shown in Rucker et al. (2009) , would be safest. Randomized 4-pole acquisition is not recommended. Alternatively, others have shown that an optimal subset of 4-pole data can be acquired that specifically maximizes the model resolution. Loke et al. (2010) demonstrated how to compute the pairs for a surface arrangement of short electrodes and Al Hagrey (2012) demonstrated the same for borehole electrodes. Scaling the technique to find optimal arrays for 3-D and even 4-D should be feasible, but may be computationally out of reach for many geophysicists.
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